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Abstract: The deformation failure modes of gravity retaining walls include overturning, toppling,
deep sliding, and eccentric failure. The complex eccentric failure mode, which involves the multi-
stage deformation of retaining walls, suffers from a lack of mechanical models and design theories.
Based on the basic theory of reinforced concrete construction, this study established a deformation
calculation model of bottom-confined reinforced concrete gravity retaining walls (RC-GRWs), which
are composed of tensile, compressive, and rigid zones. Then, this study defined RC-GRWs’ normal-
operation, cracking, yield, and ultimate limit states, as well as the displacement of RC-GRWs in
these states, according to the concrete cracking and steel reinforcement yield conditions. Accordingly,
this study proposed a design method and process to determine the deformation of bottom-confined
RC-GRWs. A project case shows that the calculation method for RC-GRW deformation proposed in
this study can effectively assess the deformation state of in-service retaining walls and that optimized
cracked retaining walls can meet the deformation-based design requirements.

Keywords: gravity retaining wall; deformation state; ultimate bearing capacity; retaining wall
cracking; design method

1. Introduction

Gravity retaining walls refer to walls made of stone masonry or concrete that rely on
their own weight to resist the lateral soil pressure. These walls are effective in controlling
small- and medium-sized slopes or landslides and are divided into mortar rubble, plain
concrete, and reinforced concrete types according to their material composition. Since
reinforced concrete retaining walls can withstand greater soil pressure and landslide thrust
than the other two types of walls, they are more widely used [1,2].

The deformation failure modes of gravity retaining walls include overturning, top-
pling, deep sliding, and eccentric failure (Figure 1) [3,4]. There are corresponding design
methods of gravity retaining walls for different failure modes. For the overturning failure
mode, a retaining wall is generally assumed to be a rigid body, and its design and calcula-
tion can be achieved by verifying the overturning stability of its heel [5]. For the toppling
and sliding failure modes of a retaining wall, it is feasible to determine the toppling stability
of the bottom of the retaining wall [6] and then conduct the design and calculation of the
wall by enhancing the friction at the wall’s bottom. Insufficient burial depth of retaining
walls may cause the deep sliding of slopes or landslides. Generally, it is necessary to verify
the stability of the slopes or landslides in the case of deep sliding [7,8] in order to design
the geometry of retaining walls to meet the overall stability requirements. However, for the
eccentric failure mode of retaining walls, the mechanical model has not yet been established
and there is a lack of corresponding design and calculation methods.

Focusing on the eccentric failure mode of concrete gravity retaining walls, this study
established a deformation calculation model of bottom-confined RC-GRWs based on the
basic theory of reinforced concrete construction and defined the normal-operation, cracking,
yield, ultimate limit states of RC-GRWs, as well as the displacement of RC-GRWs in
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these states. Based on these, this study proposed the design method and process for the
deformation of bottom-confined RC-GRWs. Finally, this study assessed the deformation
state of an in-service retaining wall using this method and conducted the optimal design
for the deformed retaining wall.

Figure 1. Deformation failure modes of gravity retaining walls (O is the center of rotation;
(a) overturning; (b) toppling; (c) deep sliding; (d) eccentric failure).

2. Calculation Model and Deformation States
2.1. Model and Assumptions

RC-GRWs are reinforced concrete assemblies. When a reinforced concrete wall is
subjected to horizontal load and strong bottom confinement, tensile and compressive
stress zones will form inside the wall [9-11]. Generally, for a reinforced concrete wall,
the tensile strain is concentrated within its 1/2 height of the wall, while the compressive
strain primarily occurs within the range of 1.5 times the height of the compressive zone.
Moreover, the tensile and compressive strains are distributed in a trapezoidal pattern on
the base of the wall, with the concentration zone of the tensile strain much higher than
that of the compressive strain [12]. By studying the deformation properties of reinforced
concrete walls [13], Takahashi et al. found that the strain within the top 1/3 height of
a reinforced concrete wall on the tensile and compressive sides is 8.7 and 6.1 times that
within the bottom 1/3 height of the wall, respectively. This finding indicates that the top of
a reinforced concrete wall has a higher deformation amplitude than its bottom.

Figure 2a shows an RC-GRW in the shape of a right trapezoid, whose altitude, top base
width, and bottom base width are denoted by H, 2, and b. This RC-GRW can be simplified as
the model shown in Figure 2b for the deformation calculation based on the above analyses.
A gravity retaining wall has a fixed bottom and is subjected to the active earth pressure
(AEP) in the horizontal direction, and it is assumed that pressure is distributed within
a triangular in a gravity retaining wall. The deformation calculation model of a retaining
wall consists of a tensile zone, a compressive zone, and a rigid zone [11,12]. As shown in
Figure 2b, O is the center of rotation, G is the projection of O on the top of the wall, R, is
the equivalent radius of rotation, and L, is the height of the equivalent plastic hinge zone.

To calculate the deformation amplitude of a retaining wall, the following assumptions
were made according to the calculation model shown in Figure 2b:

(1) The interfaces of the tensile, compressive, and rigid zones of the model satisfied the
deformation compatibility condition;

(2) Under the action of horizontal load and the dead load of the retaining wall, the rigid
body of the retaining wall rotated around O, and the horizontal displacement of G
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was defined as the displacement of the top of the retaining wall (i.e., |GG'| = A), and
the compressive strain was distributed vertically and evenly in the plastic hinge zone;

(3) The equivalent radius of rotation R, was a parameter related to the height of the
compressive zone x in the retaining wall section, the average height of the retaining
wall section hy,, and the length of the confined boundary members L.. In other words,
Re = Re (x, hw, L¢);

(4) The height of the equivalent plastic hinge zone L, was a parameter related to the
axial compression ratio 7 and the aspect ratio of the retaining wall H/hy, i.e., Ly = Ly,

(nrH/hw)
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Figure 2. Geometry and deformation calculation model of a retaining wall ((a) geometry; (b) defor-
mation calculation model).

2.2. Deformation States

In this study, the cracking state of RC-GRWs was defined as the state in which the
concrete in the plastic hinge zone shows the presence of sliding-caused microfractures and
enters the stage of the stable development of fractures; the yield state was defined as the
state in which the concrete in the plastic hinge zone exhibits visible fractures and enters the
stage of the unstable development of fractures; and the ultimate limit state was defined as
the state in which the concrete in the plastic hinge zone reaches its ultimate compressive
strain [14]. Studies [15,16] show that the stress and strain of concrete are approximately
30-50% and 10-30% of its peak stress and strain, respectively, when concrete starts to enter
the cracking state and are approximately 75-90% and 50-70% of its peak stress and strain,
respectively, when concrete starts to enter the yield state. Yan et al. [14] suggested that the
cracking displacement and the yield displacement of a retaining wall assembly should be
defined as the displacement of the top of the retaining wall when the strain of the concrete
in the plastic hinge zone reaches 25% and 70% of its peak strain, respectively, and the
ultimate displacement of a retaining wall assembly should be defined as the displacement
of the top of the retaining wall when the compressive strain of the concrete in the plastic
hinge zone reaches its ultimate strain.
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3. Deformation Calculation of a Retaining Wall
3.1. Constitutive Model of Reinforced Concrete

The whole stress—strain curve equation of concrete proposed in reference [17] was
employed as the constitutive model of confined concrete in this study (Figure 3):
{y:ocax+(3—2txa)x2—|—(oca—2)x3, x<1 O
— X
y= Ya (x—1)"+x" x>1
where x = ¢/¢, and ¢ is the strain; y = 0/, where o is the stress; 0. [18] and ¢ are
the peak stress and peak strain of reinforced concrete, respectively, when confinement is
considered; &, is the parameter of the stress—strain ascending segment, a; = 2.4 — 0.01250;
n =1+ exp(—3w) [19], where w is the lateral confinement coefficient of concrete and can be
calculated using the following equations [17]:

w = 0.1659(k — 1) 143 )
_1+sing
k= 1—sing ®)

where ¢ is the internal friction angle of concrete.
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0 gct' 8(.‘('.’! &

Figure 3. Whole stress—strain curve equation of confined concrete. ¢ is the stress; ¢ is the strain; o
and g are the peak stress and peak strain of reinforced concrete, respectively; e, is the ultimate
strain of confined concrete.

The effective confinement coefficient of concrete confined by hoop reinforcement is
Y =0.021/p, [17], where py is the volumetric ratio of hoop reinforcements and is calculated
using the following equation:
_ LniAsil;
o= =g
corS

where n; is the number of hoop reinforcements; Ag,; is the cross-sectional area of a single
hoop reinforcement; /; is the length of a hoop reinforcement; A, is the cross-sectional area
of the concrete core within the range of internal surface area of reinforcement mesh or spiral
indirect reinforcements, and s is the spacing of the reinforcement mesh or spiral indirect
reinforcements.

Parameter «; of the stress—strain descending segment of confined concrete is calculated
using the following equation [20,21]:

(4)

3d

M= A —1)"

©)
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where
_0.0033

Ecc

d (14218 x 10° 2w feece / ;)" (6)

where f; is the uniaxial compressive strength of concrete and f, is the yield strength of
reinforcements.

As shown in Figure 2b, under the action of axial compression load, the lateral defor-
mation of concrete in the compressive zone is confined by both hoop reinforcements and
concrete in the tensile zone. As a result, concrete in the compressive zone is in the biaxial
compression state. Both the peak stress and the peak strain when a concrete assembly
fails are greater under the biaxial compression than those under the uniaxial compression.
When confinement is considered, the peak stress and peak strain of concrete confined by
hoop reinforcements are calculated using the following equation [16,22]:

Fem 7)

{ Oee = (14 0.5M,) fee 3/ £
where f is the peak stress of concrete confined by hoop reinforcements; F and Fcy are
the calculated area and the compressive area, respectively; ¢, is the peak strain of concrete,
which is 2.0 x 1072 for plain concrete under the uniaxial compression; A, is the characteristic
value of hoop reinforcements, which is calculated using the following equation:

)\v:Pvfyh/fc ®)

where f,, is the design value of the tensile strength of indirect reinforcements.
For a confined retaining wall assembly, its ultimate strain can be calculated using the
basic relationship of confined concrete stated in reference [23]:

eeeu = (2.34 +2.4970073)e,, ©9)

where g, is the ultimate strain of confined concrete, and the physical meanings of other
parameters are as stated above.

3.2. Geometric Relationship

As shown in Figure 2b, assuming that the compressive strain value of concrete is ¢,
the vertical compressive deformation amplitude A;, of the compressive edge of the plastic
hinge zone can be obtained as follows according to assumption (2):

Ap =eL, (10)
According to the geometric relationship shown in Figure 2b:

A |OG]|

AR (11)

where A is the displacement of the top of the retaining wall assembly, and A} is the vertical
deformation amplitude of the compressive edge of the plastic hinge zone.
The lateral displacement angle 6 for the top of the retaining wall is:

6=A/H (12)

The compressive strain ¢ of the compressive zone in the bottom section of a retaining
wall is composed of the strain caused by both the bending moment and the dead load
of the retaining wall. The axial force N, in the compressive zone caused by the bending
moment is calculated as follows. According to the equivalence principle of force, the
bending moment of a point is equivalent to the product of the force creating the moment
and the arm of the force. It is assumed that N;, passes through the centroid positions of the
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compressive and tensile zones and that the neutral axis passes through the centroid of the
bottom section. For a trapezoidal section, the arm of force has a length of % according
to the geometric relationship. In this case, the axial force N, caused by the bending moment
can be obtained as follows:

_ 3M(a+Db)

Nn = 3 0a+0)

where M is the bending moment at the wall bottom.

Load is evenly distributed when the retaining wall is subjected to the dead load N and
can be obtained according to the areas of the compressive and tensile zones. The pressure
of the concrete in the compressive zone N, is:

(13)

Nb(a—b+R,)

Nn = S2a— b+ Ry) —ak,

(14)

where N is the dead load of the retaining wall.
The compressive strain of both the axial force N, caused by the bending moment and
the pressure N, caused by the dead load is:

N+ Ny

- 15
ReLyEre 15)

where E,, is the elastic modulus of reinforced concrete.

As shown by the comparison between retaining wall assemblies with the same height-
to-width ratio and the same length of the confined portion, a shorter compressive zone
is associated with a higher rotation capacity and greater displacement of the top of the
retaining wall assemblies. In other words, there is a negative correlation between the height
of the compressive zone and the displacement of the top. Reference [14] suggested that the
equivalent radius of rotation be determined according to the following equation:

Re = {1Lc + 0o (ho — x) (16)

where 7 and {, are coefficients related to materials and are 0.5 and 0.1, respectively, for
concrete with a strength grade equal to or less than C50; h;, is the average height of a
retaining wall assembly; x and L, are the height of the actual compressive zone and the
length of the confined boundary members of the retaining wall assembly, respectively.
Reference [24] suggested that the height of the equivalent plastic hinge zone L, be
calculated as follows:
Ly = 0.2hy + 0.044H (17)

In the process of the on-site assessment of the deformation state of a retaining wall,
substituting the measured horizontal displacement of the retaining wall into Equation
(10) yields the compressive strain of the retaining wall. The cracking, yield, or ultimate
limit state of the retaining wall under on-site conditions is determined according to the
definitions of deformation states in Section 2.2. Similarly, substituting the angle of rotation
of the retaining wall measured on-site into Equations (10) and (11) yields the deformation
amplitude of the retaining wall. When the deformation state and the angle of rotation of
the retaining wall are difficult to measure, the compressive strain ¢ can be calculated using
Equations (13)—-(17) based on the bending moment and dead load of the retaining wall.
Then, the present deformation state of the retaining wall can be determined.

4. Design Method Based on Deformation States
4.1. Equations for the Ultimate Limit State of the Bearing Capacity of a Retaining Wall

When a retaining wall assembly is subjected to the horizontal pressure of soil and the
dead load of the wall, the tensile and compressive zones at the bottom first enter the yield
state. Figure 4a shows a cross-section of the compressive zone, which has a width of c = 1,
a length of a;, and a height of i; from the wall bottom (Figure 4b). Figure 4c,d show the
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strain and stress of the section when it reaches its ultimate limit state of bearing capacity.
The following equation can be obtained according to the equilibrium conditions of force
and moment of force in the section:

{ N; = AspUsp + N¢ — Asc0s¢ — Nsw

18
My = Asposp(a; — 2asc) + Mc — Mgy — Ny(a;/2 — asp) (18)

where N; and M, are the design values of the pressure and bending moment of the
retaining wall section, respectively; 0, and o are the stress of the compressive and tensile
longitudinal reinforcements at the end of the retaining wall, respectively, and their design
values are the cracking stresses of the compressive and tensile longitudinal reinforcements,
respectively; Asp and A are the sectional areas of longitudinal compression and tension
reinforcements at the end of the retaining wall, respectively; N, is the pressure the concrete
in the compressive zone bears; M, is the bending moment at position A; created by the
concrete pressure in the compressive zone; Ny, is the resultant force of the distribution
reinforcements; My, is the bending moment at position As of Nsy; asp and asc are thicknesses
of the covers of compressive and tensile longitudinal reinforcements, respectively; the
physical meanings of other parameters are as stated above.

h,
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Figure 4. Ultimate stress states of a retaining wall section. ((a) deformed zones and section location;
(b) diagram showing the section; (c) stress distribution on the section; (d) bearing capacity of
the section).

Ny is calculated as follows. In the case of large eccentric compression, the distribu-
tion reinforcements in the compressive zone yield. In this case, the stress of distribution
reinforcements near the neutral axis is small and is not considered. In contrast, only the
bearing capacity of the tensile distribution reinforcements within the range of the effective
height (a; — asp) minus 1.5 times the height of the compressive zone is considered [14], and
it is assumed that the bearing capacity does not exceed the cracking stress. Mg, is taken as
zero in the case of small eccentric compression and is calculated as follows in the case of
large eccentric compression:
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{ Nsw = (a; — asp — 1.5x) fywpw (19)
Mgy = 0.5(611' — dsp — 1-5x)2fywpw

where fy,, and p;, are the strength design value and reinforcement ratio of distribution rein-
forcements, respectively, and are taken as zero in the case of small eccentric compression.

N. and M, can be obtained as follows according to the assumption about plane cross-
section and the concrete constitutive model adopted in this study:

when x < g;,

N =02fcx
{ M, = 0.25f:x[0.8(a; — asp) — 0.33x] (20)

when x > a;,

{ N; = 0.25f.qa; (21)
M, = 0-25fcai(‘1i/2 - asP)

4.2. Design Process
A reinforced concrete retaining wall was designed in the following steps (Figure 5):

1. The design parameters of the retaining wall, including its height, bottom width, top
width, and burial depth, were preliminarily calculated based on information such
as the geometry of the slope or landslide, the position of the sliding surface, and the
soil pressure (residual sliding force). Then, the concrete grade and the models of the
longitudinal, distribution, and hoop reinforcements were selected for the retaining
wall, and the reinforcement spacing was determined.

2. Following GB 50330-2019 Technical Code for Building Slope Engineering, the anti-overturning
and -sliding performances, deep sliding, and the strength of the retaining wall with the
preliminarily proposed dimensions were verified. If the performances and the strength
were qualified, the deformation state of the retaining wall was further verified. Oth-
erwise, the parameters of the retaining wall such as the geometry and strength were
rechecked and redetermined.

3. The volumetric ratio and the characteristic value of hoop reinforcements were calcu-
lated based on the preliminarily proposed reinforcement conditions for the retaining
wall assembly. The vertical load N and the bending moment M that the retaining
wall bears were calculated based on the horizontal pressure of the soil and the dead
load of the retaining wall. Then, the height of the compressive zone in the calculated
retaining wall section was determined using Equations (18)—(21). The equivalent
radius of rotation and the length of the equivalent plastic hinge zone were calculated
using Equations (16) and (17). They were substituted into Equation (15), yielding the
compressive strain, which was then compared with the cracking strain.

4. When the calculated compressive strain met the condition of € < 25% ¢, and the
retaining wall had the proper size, concrete grade, and reinforcements, it was unneces-
sary to correct the proposed parameters of the retaining wall. Otherwise, corrections
were required.
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a. The height, bottom width, top width,
and burial depth of the retaining wall
b. Concrete grade and reinforcement
model

Rimensions and material of the retaining wa

Kt = anti-overturning moment
/overturning moment

Ka = anti-sliding force / sliding force

Ks = deep sliding force / sliding force

o<o0y;

Deformation checking

]

a. Calculating the volumetric reinforcement ratio and the characteristic value of hoop reinforcements according to

the reinforcement conditions of the retaining wall;

b. Calculating the height of the compressive zone using equations (17)—(20);

c. Calculating the equivalent radius of rotation and the length of the equivalent plastic hinge zone using equations
15) and (16), respectively;

d. Calculating the compressive strain using equation (14) and then comparing the compressive strain with the

kracking strain to determine the deformation state of the retaining wall.

a. Correcting the dimensions of the retaining wall;
b. Correcting the longitudinal, distribution, and hoop reinforcements of the retaining wall;
c. Correcting the concrete grade.

End

Figure 5. Design process of a retaining wall based on the deformation state.

5. Case Verification
5.1. Analysis of the Deformation State of an In-Service Retaining Wall
5.1.1. Overview of the Retaining Wall Project

A certain high-speed passenger line (DK126 + 125-DK126 + 345) has a length of 220 m
on the left side. This passenger line was completed through excavation, with bedding
developing on its right side, where strata have an attitude of N35°E/50°SE. A railroad-
cut gravity retaining wall made of cast-in-place reinforced concrete has been designed
for this line. As shown in Figure 6, three rock (soil) layers lie behind the retaining wall,
i.e, silty clays and strongly and weakly weathered silty to fine-grained sandstones from
the top of the railroad cut to the bottom. These layers have a thickness of 2 m, 3 m,
and 10-20 m, respectively, and their physical and mechanical parameters are shown in
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Table 1. The constitutive relationship between the soil and rock masses conforms to the
Mohr—Coulomb criterion.

-
Silty clays /-‘/ E
------------------------------------------------- o
Strongly weathered =
silty-fine-grained sandstones n -
______________________________________________________________ =
- 0.8m
Weakly weathered :
silty-fine-grained sandstones High-speed
railway
= g
vy —
\J\ Retaining wall 42%“1{'

Figure 6. Section of a retaining wall project.

Table 1. Physico-mechanical parameters of the rock (soil) layers.

Rock (Soil) Layer Unit Weight/kn/m3 Cohesion/kpa Internal Friction Angle/°
Silty clays 18.5 10.5 19.2
Weakly weathered silty to 21.0 70.9 296

fine-grained sandstones

The retaining wall has a height of 5 m, a bottom width of 2 m, a top width of 0.8 m,
and a burial depth of 1.0 m. The foundation of the retaining wall is located in the weakly
weathered silty to fine-grained sandstones and has an allowable bearing capacity of 350 kPa.
Behind the wall is a platform with a width of 2 m, and above the platform is a slope with
a height of 10 m and a gradient of 1:1.25.

Regarding the strength, the retaining wall has an internal friction angle of ¢ = 45°,
a unit weight of y = 24 kN/m?3, a bottom friction coefficient of f = 0.5, and a tensile strength
of oy = 500 kPa.

5.1.2. Deformation of the Retaining Wall

The retaining wall was completed on 30 July 2009 and cracked approximately 10 days
later. According to the field investigation, the retaining wall has horizontal penetrating
fractures along the strike of the retaining wall, with a maximum width of 1 mm and a depth
of 5 cm, as shown in Figure 7. The cores show that there are no significant fractures and
only fracture traces exist in the deep part. Accordingly, water intrusion and shear failure
hardly occur, as shown in Figure 7.

The retaining wall is mainly located in the area with strongly to weakly weathered
silty to fine-grained sandstones and without unfavorable geological conditions such as
faults and fractured zones. Moreover, groundwater is not well-developed and strata have
strong self-stability in this area, without toppling and deep sliding, and the retaining wall
does not show significant overturning deformation. Therefore, it can be concluded that the
rear of the retaining wall is subjected to high rock and soil pressure and that the retaining
wall is strongly confined at the foundation. As a result, the retaining wall has not deformed
greatly to offset the rock and soil pressure at the rear. Instead, the high strain has occurred
in the retaining wall, further leading to the horizontal cracking of the retaining wall.
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| 4 a
“Fracture trace,,

Figure 7. Horizontal fractures and cores of the retaining wall.

5.1.3. Analysis of the Deformation State of the Retaining Wall

As verified during the design of the retaining wall, the anti-overturning and -sliding
performances, deep sliding, and strength all meet the stability requirements. Given this,
this study only verified the deformation performance of the retaining wall. As shown in
Figure 4c, the retaining wall is subjected to the maximum compressive strain at the bottom.
Therefore, this study selected the bottom section of the wall to calculate the compressive
strain and analyze the deformation state of the wall. The HRB335 reinforced steel bars
with a diameter of 10 mm are used as the hoop reinforcements of the retaining wall. The
hoop reinforcement mesh has a spacing of 40 cm. The hoop reinforcements deployed along
the sliding direction of the slope have a length of 2 m and a spacing of 30 cm, and those
deployed perpendicular to the sliding direction of the slope have a length of 1 m and
a spacing of 25 cm. Thus, the volumetric ratio of hoop reinforcements p, of the retaining
wall is:

~0.01%2 x3.14(8 x 1+2 x 2)
Po = 2x1x04
The design tensile strength of indirect reinforcements is f;, = 300 MPa and the uniaxial
compressive strength of concrete is f. = 45 MPa. Therefore, the characteristic value A, of
the hoop reinforcements is:

= 0.0055

Ay = 0.0055 x 300/45 = 0.0367

The concrete confined by hoop reinforcements has a peak stress of f.c = 60 MPa,
a calculated area of F=7 m?, and a compressive area of Fcy = 1.75 m?, and gp is taken as
2.0 x 1073. Then, the peak stress o of concrete confined by hoop reinforcements when
confinement is considered is:

7
ee = (1405 x 0.0367) x 60 x 10> x {/ 75 = 97.0MPa

The peak strain €. of concrete confined by hoop reinforcements when confinement is
taken into account is:

7
gee = (1425 x 0.0367) x (3 x %5 —2) x 0.002 = 0.00975

Under the horizontal pressure of soil, the bending moment at the bottom of the
retaining wall was calculated to be M = 3196.14 kN-m/m based on the theory of active
earth pressure. Then, the axial force N, caused by the bending moment is:

_ 3x3196.14 x (0.8 +2)
" 2% (2x08+2)

= 3728.83kN/m

The actual compressive zone of the retaining wall assembly has a height of x = 0.05 m,
the confined boundary members have a length of L. = 0, {1 and (; are taken as 0.5 and 0.1,
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and the retaining wall assembly has an average height of h;, = (0.8 +2)/2 = 1.4 m. Then,
the equivalent radius of rotation R, is:

Re=05x0+0.1x (14— 0.05) = 0.135m

The retaining wall has a dead weight of N = 182 kN /m, so the pressure on the concrete
in the compressive zone N, is:

182 x 2 x (0.8 — 2 +0.135)
- = 607.62
N = (2% 082+ 0.135) 08 x 0135 _ 0062 kN/m

The height of the equivalent plastic hinge zone L, is:
Ly=02x14+0.044 x5=05m

The reinforced concrete has an elastic modulus of E,. = 2 x 10* MPa, so the total
compressive strain ¢ of the axial force N, caused by the bending moment and the pressure
N, caused by the dead load is:

3728.83 + 607.62

_ — 0.00321 > 25%,, — 0.00244
€= 0135 % 05 x 2 x 107 = £k

and
¢ = 0.00321 < 70%e.. = 0.00683

According to the definitions of strains caused by the cracking and yielding of a retaining
wall, the retaining wall is in the cracking state and does not yield. This conclusion is
consistent with the observation that horizontal fractures do not completely penetrate inside
the retaining wall.

5.2. Optimal Design of the Retaining Wall Based on Cracking State

As mentioned above, checking revealed that the anti-overturning and -sliding perfor-
mances, deep sliding, and strength of the retaining wall all meet the stability requirements,
while the strength checking considered the control effects of the longitudinal and distri-
bution reinforcements on the strength of the retaining wall. Equation (7) shows that the
deformation of a concrete assembly is inseparable from the confinement by hoop reinforce-
ments. Therefore, this study only designed hoop reinforcements rather than optimizing the
size, longitudinal reinforcements, and distribution reinforcements of the retaining wall.

The original hoop reinforcement scheme for the retaining wall is as follows: HRB335
reinforced steel bars with a diameter of 10 mm are used as hoop reinforcements; the hoop
reinforcement mesh has a spacing of 40 cm; the hoop reinforcements deployed along
the sliding direction of the slope have a length of 2 m and spacing of 30 cm; the hoop
reinforcements deployed perpendicular to the sliding direction of the slope have a length
of 1 m and spacing of 25 cm.

The optimized hoop reinforcement scheme for the retaining wall is as follows: HRB335
reinforced steel bars with a diameter of 12 mm are used as hoop reinforcements; the hoop
reinforcement mesh has a spacing of 30 cm; the hoop reinforcements deployed along
the sliding direction of the slope have a length of 2 m and spacing of 18 cm; the hoop
reinforcements deployed perpendicular to the sliding direction of the slope have a length
of 1 m and spacing of 18 cm.

The compressive strain ¢ of the retaining wall after the optimization of the hoop
reinforcements is:

e = 0.00362 < 25%e. = 0.00244

The retaining wall is in the cracking state, meeting the deformation-based design
requirements. The compressive and flexural capacities of the retaining wall were checked
as follows:
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HRB335 reinforced steel bars with a diameter of 28 mm and spacing of 30 cm are
adopted in the compressive and tensile zones of the retaining wall. The sectional areas of
the compressive and tensile longitudinal reinforcements at the end of the retaining wall A
and Ag. are:

Asp = Asc = 3 x 0287 x 3.14 = 0.00739 m*

With the cracking strain as the design state of the retaining wall, the optimized peak
stress is 0,c = 116.7 MPa, so the stresses of the compressive and tensile longitudinal
reinforcements o, and o at the end of the retaining wall section are:

osp = 0.25 X 116.7 = 291.76 MPa

Osc = % x 0.25 x 291.76 = 284.46 MPa

The pressure N, and the bending moment M, of the concrete in the compressive zone are:
N = 0.2 x 45 x 10° x 0.5 = 4500 kN/m
M = 0.25 x 45 x 10% x 0.05 x [0.8 x (2 — 0.05) — 0.33 x 0.05] = 7846.88 kN - m/m

The resultant force N, and the bending moment M, of the distribution reinforcement are:
Ngw = 0.25 X (2 —0.05 — 1.5 x 0.05) x 300 x 10% x 0.02 = 90 kN/m

N = 0.25 x (2 —0.05 — 1.5 x 0.05) x 300 x 10% x 0.02 = 90 kN/m
Mgy = 0.5 x (2—0.05 — 1.5 x 0.05) x 300 x 10% x 0.02 = 13.5kN - m/m

The design values of the pressure N; and bending moment M, that the retaining wall
section bear are:

N; =0.00739 x 10> x (291.76 — 284.46) + 4500 — 90
=2523.67kN/m > N = 182 kN/m

My = 0.00739 x 291.76 x 103 x (2 — 2 x 0.05) + 7846.88 — 13.5 — 2523.67 x (2/2 — 0.05)
= 584549 kN/m > M = 3196.14 kN - m/m

As shown by the calculation results, both the compressive and the anti-bending
design values of the retaining wall after the optimization of hoop reinforcements are
greater than the originally designed bearing capacities, thus meeting the deformation-
based design requirements.

6. Conclusions

This study established a deformation calculation model of bottom-confined RC-GRWs,
which is composed of tensile, compressive, and rigid zones, and defined the normal-
operation, cracking, yield, and ultimate limit states of the walls, as well as the displacement
of the walls in these states. Based on these, this study proposed the deformation calculation
method for bottom-confined RC-GRWs. Moreover, it developed the design method and
process of bottom-confined RC-GRWs based on the cracking state. The project case indicates
that the deformation calculation method for bottom-confined RC-GRWs proposed in this
study can effectively assess the deformation state of in-service retaining walls and that the
optimized cracked retaining walls can meet the deformation-based design requirements.
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